ABSTRACT: Hydrogenated polynorbornene (hPN) synthesized by ring-opening metathesis polymerization (ROMP) exhibits a thermoreversible change in crystal polymorph at a temperature T cc below its melting point, T m . The polymorphic transition corresponds to a sharp increase in rotational disorder around the chain axis as the temperature is increased above T cc . Saturation of ROMP polynorbornene (PN) to hPN can be achieved through both catalytic and noncatalytic approaches. Here, three different hydrogenation routes were employed on the same precursor polymer: catalytic routes over either supported Pd 0 or a Ni/Al complex, and noncatalytic saturation with diimide. The different hydrogenation routes result in hPNs with varying degrees of epimerization of the cyclopentylene ring (from cis to trans); these epimerized units are included in the hPN crystals. The crystal structure of the rotationally ordered hPN polymorph, observed below T cc , changes sharply at low levels of epimerization and then is weakly influenced by further increases in trans content. The stability of the rotationally ordered hPN polymorph decreases with increasing epimerization, as reflected in a reduction of T cc from 134 C to 92 C at 22% epimerization. T cc is less affected by epimerization than by the inclusion of a similar content of 5-methylnorbornene units, reflecting the smaller size of the trans defect.
INTRODUCTION
The physical properties of semicrystalline polymers permit them to be used in a wide range of conditions and applications. Some key properties to control include melting temperature, fractional crystallinity, and the form of the crystalline phase. The ability to adopt different crystal forms-polymorphism-is exhibited by a variety of semicrystalline polymers. Polymorphism is observed most commonly by varying the crystallization pathway, [1] [2] [3] rather than by inducing the transformation of one crystal polymorph into another. However, if the two polymorphs are close in energy and similar in crystal structure, the polymer may display a thermotropic, and reversible polymorphic transition. [4] [5] [6] [7] [8] Hydrogenated polynorbornene (hPN) synthesized through ring-opening metathesis polymerization (ROMP) is an ideal semicrystalline polymer in which to study the effects of chain structure-and defects in that structure-on crystalline phase behavior. Control over a polymer's tacticity is often necessary to produce any crystallinity. [9] [10] [11] [12] In contrast, hPN exhibits a high degree of crystallinity even when atactic. 8 Highly tactic
PNs have been synthesized using nonliving initiators [13] [14] [15] [16] [17] ; however, these polymers exhibit large polydispersities, and the nonliving nature also prevents the synthesis of welldefined polymers of more complex architecture, such as block copolymers. In contrast, atactic PNs have been synthesized using living initiators (e.g. Schrock or Grubbs catalysts), yielding narrowly distributed homopolymers 7, 8, 18, 19 and welldefined block copolymers. [20] [21] [22] [23] Some control over the ratio between meso (m) and racemo (r) dyads (structures in Fig. 1 ) has been achieved with a Schrock initiator during polymerization via the addition of trimethylphosphine (PMe 3 ), a reversibly binding ligand. 7 The thermal behavior of atactic hPN, hydrogenated over Pd 0 , has been documented in previous studies: 7, 8 it undergoes a thermotropic polymorphic transition at a temperature T cc below the melting point, T m , corresponding to a change in rotational order around the polymer chain axis. Between T cc and T m , hPN can be readily textured in the solid state, producing bulk specimens with an alignment quality that rivals that of highly drawn fibers. 7 Consequently, the ability to tune T cc in hPN-and therefore the temperature window over which solid-state processing is feasible-is highly desirable. Bishop and Register 7 found a positive correlation between T cc and substituent determines whether the comonomer becomes a defect in the crystal (i.e. is included in the crystal, which is the case for methylnorbornene [MeN] ) or remains excluded from the crystalline phase (for n-hexylnorbornene). Upon increasing comonomer content, a unit that is included in the crystal (MeN) reduces T cc more steeply than it reduces T m , but both are significantly affected.
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ROMP produces PN chains that contain cyclopentylene units with solely the cis configuration, retained from the norbornene monomer upon ring-opening, as shown in Figure 1 . However, we show in this work that epimerization can occur upon saturation, producing a fraction of trans-cyclopentylene rings as shown in Figure 2 .
Hydrogenation of polynorbornenes can be achieved by various routes-including both catalytic saturation over palladium 7, 8 or a Ni/Al complex, 7, 25, 26 or via the generation of reactive diimide molecules in situ as the hydrogen source. 27, 28 Gel permeation chromatography conducted on ROMP polymers of 5-substituted norbornenes (which are soluble at room temperature both before and after hydrogenation) has demonstrated that all of these hydrogenation methods proceed without significant chain scission or coupling. 25, 26, 29, 30 However, while a variety of ROMP hPNs and hPN-containing copolymers have been reported, 7, 8, 24, 27, 28, 31, 32 no other effects of the choice of hydrogenation route on the semicrystalline product have been previously considered. Here, we elucidate the effect that the hydrogenation method has on the polymer's chain microstructure, specifically epimerization of the cyclopentylene ring. We also find that the trans units generated by epimerization are readily included into the hPN crystals, and that they significantly modify both the rotationally ordered crystal structure and T cc .
EXPERIMENTAL

Materials
Norbornene (99%, Sigma-Aldrich) and trimethylphosphine (PMe 3 , 97%, Sigma-Aldrich) were stirred over sodium, degassed by freeze-pump-thaw cycles, and vacuum transferred before use. Propionaldehyde (97%, Sigma-Aldrich) was purified by stirring and degassing over 3 Å molecular sieves prior to vacuum transferring to a collection vessel. A Schrock-type initiator, 2,6-diisopropylphenyl-imidoneophylidenemolybdenum (VI) bis(tert-butoxide) (Strem Chemicals), was used as received. Toluene was purified via an MBraun solvent purification system, delivered directly into the glovebox employed for polymerizations. Palladium supported on calcium carbonate (Pd 
Polymerization
Polymerizations were carried out inside a nitrogen-filled glovebox (MBraun UNIlab, < 0.1 ppm O 2 , < 0.1 ppm H 2 O) at room temperature. Initiator was dissolved in toluene and transferred to a round-bottom flask containing a magnetic stir bar. To control m:r, 5 equiv of PMe 3 (relative to initiator) were added to the flask prior to the addition of the monomer. Norbornene was dissolved in toluene and transferred to the reaction flask at a final solution concentration of 0.04 g monomer/mL. After 60 min, 5 equiv of propionaldehyde were added to terminate polymerization. The polymers were isolated by precipitating into methanol twice and vacuum-drying.
Hydrogenation
PNs were dissolved at 0.4 wt % in either cyclohexane (for catalytic hydrogenations over Pd 0 or Ni/Al) or xylene (for diimide hydrogenation). Butylated hydroxytoluene (BHT, 0.5 wt %) was added to the solution to prevent degradation prior to and during hydrogenation. Catalytic hydrogenations were carried out in a 2-L Parr reactor at 400 psig H 2 . Hydrogenation of PN over Pd 0 was achieved using a 2:1 weight ratio of catalyst (including support) to polymer, running at 130 C for 48 h. After complete saturation, the Pd 0 catalyst was removed by filtration, and the polymer was precipitated into methanol and subsequently vacuum-dried. Hydrogenation of 2 g of PN with Ni/Al was achieved at 80 C using five charges of the Ni/Al catalyst. A charge of catalyst was prepared by dissolving 1.04 g of nickel (II) 2-ethylhexanoate in 30 mL of cyclohexane, sparging with N 2 for 45 min, and subsequently adding 10 mL of triethylaluminum. Charges were added immediately after their preparation, at intervals of 2 h while the reactor was at 80 C. After saturation, the polymer solution was stirred hot (≈ 70 C) over aqueous citric acid (1:10 weight ratio of citric acid to deionized [DI] water) to remove the catalyst, precipitated into methanol, and subsequently vacuum dried. Complete hydrogenation of PN was confirmed by 1 H nuclear magnetic resonance (NMR) spectroscopy, corresponding to >99.9% saturation.
FIGURE 1
The meso and racemo dyads expected in hPN. All cyclopentylene units are shown with the cis configuration, retained from the norbornene monomer.
FIGURE 2
The cis-cyclopentylene and trans-cyclopentylene ring structures that may be observed along the backbone of hPN when epimerization occurs.
Diimide hydrogenations 30, 33 were conducted in a two-necked round-bottom flask fitted with a total reflux condenser. A charge consisting of 5 equiv of TSH and 5 equiv of TPA to olefin in the unsaturated polymer was added to the reactor flask. Following each charge, the reactor was purged with N 2 for 30 min, heated to reflux for 1 h, and then cooled to room temperature. Six charges of TSH and TPA were sufficient to fully saturate the polymer as determined by NMR. The polymer solution was then stirred hot (≈ 70 C) at 1:1 by volume with DI water for 45 min. The resulting organic layer was decanted and evaporated under N 2 to a volume of approximately 100 mL. The remaining solution was heated and hot-filtered through basic alumina to neutralize the solution and subsequently precipitated into methanol. The precipitate was dissolved in hot toluene, precipitated into methanol, collected, and vacuum dried.
Molecular Characterization
Gel permeation chromatography (GPC) with tetrahydrofuran as the mobile phase and with online differential refractive index (DRI; Wyatt Optilab T-rEX detector, 25 C and λ = 658 nm) and three-angle light scattering (Wyatt mini-DAWN TREOS detector, room temperature and λ = 658 nm) detection was used to characterize the molecular weight distribution of the unsaturated precursor. The DRI elution time was calibrated with narrow-distribution polystyrene standards; the dispersity, Đ, was derived from the elution time data obtained from the DRI signal. Absolute weight-average molecular weights, M w , were measured by light scattering using the specific refractive index increment dn/dc = 0.1549 mL/g for polynorbornene (658 nm, 25 C). 34 For the hPNs previously characterized by Bishop and Register, 7 13 C NMR spectra were collected on a Varian Inova 500 MHz spectrometer in deuterated toluene at 75 C. For hPNs synthesized in the present work, 1 H NMR spectra were collected in 1,1,2,2-tetrachloroethane at 110 C using a Bruker AVANCE III 500 MHz spectrometer (Billerica, MA). Quantitative 13 C NMR and 2-D heteronuclear single quantum coherence (HSQC) spectra were obtained on a Bruker AVANCE III HD 800 MHz spectrometer in deuterated toluene at 70 C at a polymer concentration of 30 mg/mL.
Thermal and Morphological Characterization
Differential scanning calorimetry (DSC) data were collected with a Perkin-Elmer DSC-7, calibrated on heating with indium and tin at a temperature ramp rate of 10 C/min. DSC samples were heated to 175 C, held isothermally for 5 min, cooled to −25 C, held isothermally for 5 min, and heated again to 175 C. All temperature ramp rates were 10 C/min, with the final heating cycle used for thermal analysis. X-ray diffraction (XRD) data on thin hPN films (melt pressed to a thickness on the order of 100 μm) were collected on a Bruker D8 Discover XRD employing Cu Kα radiation (λ x = 0.15418 nm), with an Anton Paar DCS 350 as a heating stage, controlled by an Anton Paar TCU 100. A dome cover fabricated from poly(etheretherketone) (PEEK) insulated the stage from the surrounding environment during high-temperature experiments. After mounting a melt-pressed film on the stage, it was first heated into the melt, as verified by the absence of crystalline peaks in the XRD pattern, to erase the prior thermal history. For data acquired on cooling, the specimen was then allowed to cool from the melt to the desired temperature by natural convection (~5-15 C/min). For data acquired on heating, the specimen was allowed to cool from the melt to near room temperature by natural convection, then reheated to the desired collection temperature at 18 C/min. Each isothermal XRD pattern was acquired at an angular scan rate of 1.5 2θ per minute. The stage surface temperature was calibrated versus the internal thermocouple by X-ray observations of the melting of naphthalene (lit. mp 80.2 C, SigmaAldrich) and benzoic acid (lit. mp 122.6 C, Sigma-Aldrich).
RESULTS AND DISCUSSION
Two narrow-distribution PNs of different molecular weight were synthesized for this work using the Schrock-type initia- C NMR spectra of the three hydrogenated products derived from PN-100k are shown in Figure 3 ; individual spectra are presented in Supporting Information Figure S3 . 1 H and quantitative 13 C spectra for hPN-50k, the 1 H spectrum for the hydrogenated polymers obtained from saturation of PN100k, and an expanded-scale plot of the region used to determine m:r can be found in Supporting Information Figures S4-S7 . As expected, m:r is equivalent (≈ 1.10) for all three hydrogenated polymers, because the tacticity is set during ROMP and all three hPNs are derived from the same precursor. However, the three different hydrogenation pathways do produce different signatures in the 13 C NMR spectra shown in Figure 3 ; relative to hPN-Diimide, hPN-Pd and hPN-Ni/Al show additional peaks, which are stronger for Pd than Ni/Al. The four major peaks present in each NMR spectrum have been identified in previous literature 28 as belonging to the four inequivalent carbons in the hPN repeat unit with all-cis-cyclopentylene rings, labeled C 1,4 (δ = 40.55 ppm), C 2,3 (δ = 35.78 ppm), C 5,6 (δ = 31.79 ppm), and C 7 (δ = 40.84 ppm) in Figure 3 . The spectrum for hPN-Pd shows five additional peaks, at δ = 33.05, 35.72/35.86, 38.98, and 39.21 ppm. In addition, the intensities of these minor peaks follow the 2:2:2:1 ratio found for the major peaks (C 1,4 :C 2,3 :C 5,6 :C 7 ). An HSQC spectrum of hPN-Pd, shown in Figure 4 , confirms that these five minor peaks also correspond to hPN carbons.
Comparisons of the chemical shift differences between these minor peaks and the neighboring major peaks with literature results for poly(methylene-1,3-cyclopentane) (PMCP), formed by enantioselective polymerization of 1,5-hexadiene, [35] [36] [37] confirms that these minor peaks correspond to trans-cyclopentylene rings generated by epimerization, with the assignments indicated in Figures 3 and 4 . The repeat unit of PMCP differs from that of hPN simply by having one fewer carbon in the bridge between cyclopentylene rings; therefore, the relative chemical shifts between cis and trans units are expected to be similar to those of hPN, and indeed, the chemical shift differences between carbons in cis versus trans rings in hPN and PMCP match within 0.03 ppm or 10% for each of the inequivalent carbons (see Supporting Information Table S1 ).
Fully saturated compounds-both polymers and small molecules-have been reported to undergo epimerization over Pd 0 at sufficiently high temperatures, via dehydrogenationhydrogenation reactions. Heating isotactic polypropylene over Pd 0 at 270 C under hydrogen induced epimerization to an atactic equilibrium configuration over a period of months. 38 The epimerization of a low-molecular-weight model compound of polypropylene was reported to proceed in the absence of hydrogen; however, hydrogen accelerated the epimerization. 39 Decalin, 40 methyldecalin, 41 and hydrindane 42 have been epimerized by heating over Pd 0 at T > 300 C. However, it was surprising to observe epimerization over Pd 0 at the much lower temperatures employed here (130 C); this is likely a consequence of the high levels of unsaturation present in the polymer initially. Under the hydrogenation conditions employed here (T = 130 C, 400 psig H 2 ), epimerization appears to cease once the polymer is fully saturated; for example, hPN-Pd was measured to have 22.4% trans units both after 48 h (when hydrogenation was already complete) and after an additional 24 h under hydrogenation conditions. Table 1 shows the extent of epimerization as well as m:r for the hPNs synthesized in this work, as well as several other hPNs reported previously. The 13 C signals for all of the inequivalent carbons yield consistent values of the trans content (see Supporting Information Fig. S8 ). For hPNs hydrogenated by the diimide process, no observable ring epimerization occurs. For hPNs hydrogenated over the Ni/Al complex, a small but observable amount of epimerization is present, whereas hPNs hydrogenated over Pd 0 show an appreciable epimerization level. While the level of epimerization over Pd 0 is typically found to be 8-14%, the hydrogenation of PN-100k over Pd 0 was repeated three times and consistently resulted in 22.8% trans units (AE 0.4%, comparable to the 13 C NMR uncertainty). It is not known why the trans unit content obtained with the PN-100k precursor is significantly higher than the other hPNs in Table 1 . However, the differences in trans unit content between different hPNs indicate that the cyclopentylene units have not reached cis/trans equilibrium by the time hydrogenation is complete.
Bishop and Register 7 reported that Pd-saturated hPNs show a correlation of T cc with m:r of the cis-cis dyads. The trans units are an additional modification to the chain structure of the polymer and are therefore expected to influence the structure and stability of the crystalline phase. DSC traces of the three hPNs prepared from the same precursor (PN-100k) are shown in Figure 5 . These polymers display vastly different values of T cc , despite having the same m:r. Thermal results are presented in Table 2 . The general invariance of ΔH to trans content, even when the content reaches 22%, indicates that the trans units are included in the crystal, as the enthalpy of 100%-crystalline hPN is 86 J/g. 8 Moreover, the very minor decrease in T m with trans content indicates only minor differences in crystal thickness for this crystallization history. 8, 24 These results contrast with the random copolymer case, where 7.3 mol % of included MeN units significantly reduced ΔH (by 27%) and T m (by 17 C). 24 It is difficult to determine whether hPN-Diimide exhibits a crystal-crystal transition from its DSC curve alone, due to the broad single endotherm observed, so it was further examined by hot-stage XRD. XRD data collected on heating from the three hPNs derived from PN-100k are shown in Figure 6 . A feature of the rotationally-ordered (RO) monoclinic polymorph of hPN is the presence of two separate reflections centered around 2θ ≈ 19 , which correspond to the (020) and (110) reflections from lower to higher angle. All of the hPNs show this RO polymorph at room temperature, and at the lowest temperature presented in each panel of Figure 6 . The defining feature of the crystal-crystal transition in hPNs is the merging of these two reflections into a single peak, corresponding to a change from a monoclinic unit cell to a pseudohexagonal unit cell, with rotational disorder (RD) about the crystal stem axis. 8 The merging of the two peaks is accompanied by an overall shift to lower angle (i.e. 2θ RD ≈ 2θ(020) RO ), which indicates dilation of the unit cell through the polymorphic transition. Figure 6 (a) shows that hPN-Diimide exhibits a crystal-crystal transition at 134 C, overlapped with the melting event. Figure 6 (b,c) shows that T cc lies between 124 C and 128 C for hPN-Ni/Al (122 C by DSC) and at approximately 88 C for hPN-Pd (92 C by DSC).
The DSC cooling data for hPN-Diimide and hPN-Ni/Al show small exotherms at 73 and 80 C, respectively, marked with triangles in Figure 5 . Small exotherms with peak temperatures between 60 and 80 C were previously observed in various hPNs by Bishop and Register, 7 who assigned these to T cc on cooling, yielding a large apparent heating-cooling hysteresis (ΔT cc > 40 C). This prior interpretation was reassessed here by collecting XRD data on cooling, as shown in the Supporting Information Figure S9 . For hPN-Pd, the exotherm at 90 C does indeed correspond to the crystal-crystal transition upon cooling (ΔT cc = 2 C); however, hPN-Diimide and hPN-Ni/Al are already in the RO phase at temperatures above 100 C and exhibit no apparent transition on cooling through 70-80 C. Similarly, hPN-Pd-2, which was found by Bishop and Register 7 to show a small exotherm at 79 C on cooling, shows no transition by XRD in this temperature range, where it is already in the RO phase (Supporting Information  Fig. S10 ). Thus, these minor exotherms must reflect a minor secondary crystallization process and not a polymorphic transition. For hPN-Pd and hPN-Ni/Al, exotherms corresponding to T cc upon cooling are visible in the DSC traces (marked by arrows in Fig. 5 ), and this interpretation is confirmed by the XRD data on cooling (Supporting Information Fig. S9 ). For hPN-Diimide, the polymer is already in the ordered state by 111 C upon cooling [Supporting Information Fig. S9(a) ], indicating that the polymorphic and freezing transitions overlap, just as the polymorphic and melting transitions overlap upon heating. Thus, in all cases, the heating-cooling hysteresis in the crystal-crystal transition is modest (ΔT cc < 20 C).
Returning to the influence of epimerization on structure, the included trans units should affect the crystal structure of the RO polymorph, due to the differences in shape and packing between cis and trans-cyclopentylene units. XRD patterns, taken after cooling from the melt, for five polymers with M n ≈ 100 kg/mol but varying trans content are shown in Figure 7 . A large decrease in 2θ for both reflections between the all-cis hPN-Diimide and the 1.7% trans hPN-Ni/Al suggests an increase in unit cell dimensions with only low levels of trans units. In addition, the ratio of the (020) to (110) reflection intensities decreases as the trans content increases-and even inverts between 0% and 1.7% epimerization, as shown in Figure 8 -suggesting a change in the crystal basis, also resulting from inclusion of the trans-cyclopentylene units in the crystal. Figure 8 shows that these changes in the RO crystal structure, which consequently affect its energy, similarly influence T cc , which also decreases with trans content.
The effects of the inclusion of trans units into the hPN crystal can be compared to the inclusion of MeN comonomer units in Table 2 . [Color figure can be viewed at wileyonlinelibrary.com] the copolymer data of Showak et al. 24 Those polymers were also
Pd-hydrogenated and therefore contain approximately 11% trans units; Showak's hPN homopolymer had T cc = 111 C, identical to hPN-Pd-50k (T cc = 111 C, 11.1% trans units). Figure 9 shows the progression of T cc as a function of both trans and MeN content. T cc falls somewhat more steeply from the inclusion of MeN into the crystal than inclusion of trans units, as illustrated by the two paths diverging from hPN-50k-Pd.
Bishop and Register
7 had previously proposed that T cc is governed by the m:r ratio; this finding should be revisited in light of the presence of trans units in Bishop's polymers, as well as those reported herein, all of which are listed in Table 1 . The trend of T cc vs. m:r, color-scaled by trans content, is shown in Figure 10 for all the polymers in Table 1 . It is clear that both m:r and trans content can influence T cc . However, Figure 10 shows that as long as the trans unit composition is in the midrange (i.e. 2-14%)-the region of Figure 9 with the shallowest slope-then the variations in m:r have the most significant influence on T cc . (All of the polymers studied by Bishop and Register 7 fall in this range of trans contents.) However, at the highest and especially the lowest trans contents-the regions of steeper slope in Figure 9 -the variations in trans content dominate T cc . Thus, a combination of different initiator systems (to tune m:r) and different hydrogenation routes (to impart different levels of trans units) can effectively tune T cc , while maintaining high crystallinity (ΔH) and T m . Moreover, the choices for hydrogenation route are not limited to those presented here; for example, a highly active Pt/Re hydrogenation catalyst has recently been shown to induce partial epimerization of polypropylene at 170 C with a proper choice of solvent 43 and may be similarly active during PN hydrogenation as well.
CONCLUSIONS
The hydrogenation route employed to saturate ROMP PN to hPN can significantly influence the chain microstructure and thereby the hPN crystal structure and stability. The catalytic methods of hydrogenation employed here resulted in readily measurable, but previously unreported, epimerization of the backbone cyclopentylene ring. The temperature at which the hPN crystals undergo a polymorphic transition to a rotationally disordered structure, T cc , is determined both by the content of trans units as well as the tacticity (m:r ratio) of the polymer chain. Distinct ranges of epimerization levels (trans contents) are achievable by the choice of hydrogenation route, which presents another tool that can be used to control the phase behavior of hPNs. Epimerization principally influences T cc , while comonomer addition can be employed to control the melting point and the degree of crystallinity. 
